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摘要 
I 
摘  要 
成本和寿命是制约质子交换膜燃料电池（PEMFC）发展的两个重要问题。
其中电池成本又可以通过延长使用寿命进行降低。因此，延长电池寿命是提升燃
料电池整体性能的一个有效途径。氧还原反应(ORR)是燃料电池的阴极反应，由
于其反应动力学迟缓，导致阴极极化严重。PEMFC 工作中出现 30%~40%的电压
损失主要来自阴极 ORR。与阳极氢气氧化相比，ORR 需要更多的铂催化剂。因
此提高阴极 ORR 催化剂的性能，尤其耐久性，是提升燃料电池的整体性能，降
低燃料电池成本的重要途径。铂是目前最好的氧还原催化剂，鉴于铂的不可替代
性，在近期及未来很长一段时间内，铂基催化剂仍将是质子交换膜燃料电池的主
要催化剂。因此，研究和开发具有高耐久性和活性的铂基氧还原催化剂，对于降
低燃料电池成本，提升电池的整体性能，促进质子交换膜燃料电池商业化具有重
要意义。 
本论文以提高铂基氧还原催化剂的性能，尤其是耐久性为主要目标，分别从
形貌调控、金属掺杂、表面修饰等方面对铂基催化剂进行研究，力求在兼顾催化
剂高活性的同时提高催化剂的耐久性。取得的主要结果如下： 
（1）发展了一种水热法制备铂纳米粒子网状聚集体（Pt-NNA）的方法，并
采用 XPS、XRD、TEM、电化学等技术对其物理和化学性能进行详细表征。实
验结果表明，铂纳米粒子网状聚集结构形成了较好的纳/微结构，网状尺寸从 50 
nm 到 2 μm，“网线”的横截面平均粒径为 5.4 nm。与商业催化剂相比，Pt-NNA
具有更好的 ORR 催化活性和耐久性。其中 Pt-NNA 的面积活性分别是商业 Pt 
black 和 Pt/C 的 1.57 倍和 2.9 倍；经过 20,000 周稳定性测试后，电化学活性面
积保持 90%以上，网状聚集结构能够显著提高了铂基催化剂的耐久性。 
（2）为了进一步降低铂的用量，在 Pt-NNA 的基础上，引入 Au 源，制备了
不同组成的 PtAu 双金属纳米粒子网状聚集体（PtAu-NNA）。EDS、XRD 和 TEM
结果表明，Pt、Au 同时存在于 PtAu-NNA 中，Au 在催化剂中可能以合金和团簇
两种形式存在。电化学实验结果指出，Au 的引入增强了 Pt 的电催化活性和稳定
性，在酸性条件下其对氧还原反应的面积催化活性是商业 Pt/C 催化剂的
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II 
2.96~3.51 倍；经过 20,000 圈加速寿命测试后，Pt4Au-NNA 面积保持率可达 98%，
远远优于商业催化剂。单电池测试结果表明，Pt4Au-NNA/CNT 具有较好的耐久
性，在 100 mA.cm-2 条件下经过 140 h 运行，电压无衰减。 
（3）为了进一步减少贵金属用量，引入非贵金属掺杂进行性能调控。我们
以过渡金属 Cu、Ni 对铂进行掺杂，在无表面活性剂的条件下，用水热法一步制
备了 PtCu、PtNi 纳米合金催化剂。XRD 及 TEM 等结果表征 Pt 与 Cu 或 Ni 形成
了较好的合金结构。与商业催化剂相比，所制备的铂基合金催化剂具有较高的催
化活性和耐久性。发现 PtCu 及 PtNi 合金纳米粒子表面吸附的少量碘离子能够显
著增强其 ORR 性能。电化学拉曼光谱证实碘离子在表面形成 Pt-I 化学键，改变
氧在铂表面的吸脱附，抑制铂氧化物种形成，从而提高 ORR 的活性和稳定性。
制备的 PtCu(I)合金无论在活性和耐久性方面均可达到美国能源部（DOE）设定
的 2017 年燃料电池催化剂的目标。 
本论文发展了几种制备具有较好耐久性和活性铂基氧还原催化剂的方法。提
出利用纳米粒子独特的形貌特征（网状聚集结构）、表面小分子修饰提高催化剂
耐久性的新策略。论文研究结果对于设计和制备具有高活性和耐久性的新型燃料
电池催化剂具有参考价值和现实意义。 
 
 
 
 
关键词：质子交换膜燃料电池（PEMFC），铂基催化剂，电催化，氧还原（ORR），
耐久性 
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Abstract 
Cost and lifetime are two important issues restricting the development of proton 
exchange membrane fuel cell (PEMFC). Improving the durability of catalyst is an 
effective way to improve the overall performance of the fuel cell, since it can reduce 
the cost simultaneously. Oxygen reduction reaction (ORR) is the cathode reaction of 
PEMFC. The sluggish kinetics of ORR results in serious cathode polarization and 
voltage loss, up to 30%~40% during in the practical operation. Thereby increasing the 
performance of the ORR catalysts, especially in favor of the durability, is an efficient 
way to improve the overall performance and to reduce the cost of fuel cells. Platinum 
is the best ORR catalyst. Owing to the irreplaceable role of platinum in PEMFC, 
platinum-based catalyst will continue to be a major catalyst for PEMFC in the future 
for a long period of time. Consequently, the development of platinum-based catalysts 
with high durability and activity for ORR are beneficial to reduce the cost and 
improve the overall performance of PEMFC, which would promote the 
commercialization of PEMFC.  
In this thesis, we explored a series of strategies such as the morphology control, 
metal doping, surface modification to improve the performance, especially durability, 
of platinum-based catalysts for ORR. The aim is to obtain Pt-based catalysts with high 
durability and activity. The main work is as following:  
(1) Platinum nanoparticle netlike assembly (Pt-NNA) was synthesized through a 
hydrothermal method. XPS, XRD, TEM and electrochemical techniques were used to 
characterize its physical and chemical properties. The results show that the Pt-NNA 
has nano/micro-structure. The overall size of the Pt-NNA varies from 50 nm to 2 μm 
with the average cross-sectional diameter of 5.4 nm. Compared to commercial Pt 
catalysts, Pt-NNA exhibit much better catalytic activity and durability. The specific 
activity of Pt-NNA is 1.57 times and 2.9 times than that of commercial Pt black and 
Pt/C, respectively. Furthermore, after the durability test by 20,000 potential cycles, the 
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electrochemical active surface area of Pt-NNA maintain more than 90%, indicating 
that netlike assembly structure can significantly improve the durability of 
platinum-based catalyst.  
(2) In order to reduce the amount of platinum, we prepared bimetallic PtAu 
nanoparticle netlike assembly (PtAu-NNA) with tunable composition of Pt and Au by 
using the similar synthesis condition, but adding H2AuCl4 in the precusors. EDS, 
XRD and TEM results show that Pt and Au coexist in PtAu-NNA, and Au may exist 
in two forms (PtAu alloy and Au clusters) in the catalyst. Electrochemical 
experimental results show that the Au enhanced electrocatalytic activity and durability 
of Pt. Under acidic conditions, the specific activity is 2.96 ~ 3.51 times than that of 
commercial Pt/C catalyst. Moreover, after 20,000 potential cycles durability test, the 
remaining electrochemical active surface area of Pt4Au-NNA is more than 98%, much 
better than the commercial Pt/C catalyst (53%). The single fuel cell test shows that 
Pt4Au-NNA/CNT exhibit excellent durability. The voltage loss is negligible after 140 
h operation under 100 mA.cm
-2
.  
(3) To further reduce cost and improve efficiency of platinum, transition metals of 
Cu and Ni were used to prepare low platinum content catalysts. PtCu and PtNi alloy 
catalysts were prepared under a surfactant-free condition by hydrothermal method. 
XRD and TEM results show that Cu or Ni alloyed with Pt. Compared to commercial 
catalysts, the prepared platinum-based alloy catalysts exhibit high catalytic activity 
and durability. For PtCu and PtNi alloy nanoparticles, we found for the first time that 
the trace amount of adsorbed iodine can significantly enhance the ORR performance. 
Raman spectra results show that Pt-I bond may be formed on the surface, which can 
mediate the adsorption / desorption of oxygen species on the surface, retarding the 
formation of platinum oxide species. The ORR activity and durability of the PtCu (I) 
alloys has reach 2017 United States Department of Energy (DOE) fuel cell catalyst 
target. 
  In this thesis, several methods for synthesis of platinum-based catalysts with 
excellent durability and activity for oxygen reduction reaction were developed. The 
new strategies of improving the durability were proposed by taking advantages of 
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special morphology (nanoparticle netlike assembly) and surface modification. The 
results in this thesis are of important significances and practical values for the design 
and preparation of novel fuel cell catalysts with high activity and durability. 
 
 
Keywords: Proton exchange membrane fuel cell (PEMFC), Platinum-based catalyst, 
Electrocatalysis, Oxygen reduction reaction (ORR), Durability 
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1 
第一章 绪论 
1.1 引言 
能源与环境是影响人类可持续发展的两个重大问题。进入 21 世纪以来，能
源短缺和环境恶化的问题更加突出，已经引起了全人类的关注。其中煤、石油、
天然气等目前最主要的化石能源由于其不可再生性，正随着不断消耗而日益枯
竭。虽然能源短缺问题已引起了世界各国政府的重视，并制定和实施了一定的节
能措施，但仍难以阻挡化石能源枯竭的步伐。与此同时，伴随着化石燃料消耗所
带来的大气污染、温室效应、酸雨、雾霾等环境问题也日益加剧。因此，寻找和
开发可持续发展的新型绿色能源迫在眉睫[1-5]。 
燃料电池（Fuel Cell）是一种可直接、连续地把燃料的化学能转变成电能的
清洁、高效的发电装置，在解决能源短缺危机和环境污染治理方面具有重要价值，
因此近年来燃料电池的开发研究受到了各国政府和研究机构的重视[2,3]。由于直
接将化学能转化为电能，不需要经过燃烧过程，因此不受卡诺循环限制，其能量
转化效率（理论可达 100%，实际约为 45%-60%）远高于传统内燃机（20%-30%）。
另外，与铅酸电池，锂离子电池，锌-空气电池等其它种类电池相比，燃料电池
也具有更高的能量密度、更小的体积和更低的成本[4,5]。 
 
图 1.1 燃料电池和电池的理论能量密度(a)和提供 100 Wh 时的成本(b)对比图[4] 
Figure 1.1 Theoretical energy densities (a) and estimated cost of providing 100 
Wh (b) by fuel cell and battery
[4]
. 
(a) (b) 
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